Introduction
Electrical parameters of a photoelectric structure with a p−n junction are described by means of current−voltage charac− teristics of dark current, dependent on the applied voltage and the physical parameters of the structure, and of photo− electric current of carriers generated by incident radiation which does not depend on the applied voltage, but like dark current, depends on the physical parameters of the structure, in particular on diffusion length in junction regions and adjacent regions.
A study of photoelectric current changes without electri− cal polarisation of the junction structure was used to deter− mine the spatial distribution of diffusion length in epiplanar p + −i−n + detectors with an area of 2 cm 2 .
Theoretical studies of the generation process of vacan− cies and interstitial atoms in silicon during crystallization have been conducted for years [1, 2] . Influence of native defects generated during a manufacturing process on the recombination parameters of the material is still controver− sial as clearly highlighted in Ref. 3 and requires further investigation and verification. In this article we first show a subtle spatial distribution of minority carrier diffusion length in high resistivity (>1 kW cm) epitaxy layers condi− tioned by spatial distribution of punctual defects in vacan− cies−oxygen complex formed during epitaxial growth with the MOCVD method. We show the correlation between very small changes in reverse current diodes with a large surface area and the reduction of carrier lifetime which is responsible for energy level recombination of about 0.16 eV below the conductivity band. This energy level was the only one detected in a layer using Laplace DLTS. Example re− sults of the DLTS measurements will be presented in the summary. The spatial distribution of the carrier lifetime and reverse current diodes was correlated with the location of structures in relation to a place of tributary of reacting substances and kinematics of CVD device.
Subject of study
A detector designed for the detection of a particles (HZ1) fabricated in a planar technology on n epitaxial layers with a resistivity of the order of 3 kW cm and a thickness of 55 μm mounted on a heavily doped n + substrate (r < 0,02 Wcm) was used for studies. A p + −n junction with a depth of 0.6 μm was formed by selective diffusion from a limited source, i.e., etched borosilicate glass. Contacts from the side of the p + region and n + region (low−resistance antimony−do− ped substrate) were formed by evaporation and fusion of aluminium. The photosensitive area is coated with thermal silicon dioxide with a thickness of around 80 nm. The con− tact to the p + region is a 200 nm−wide frame at the edge of the region, while the contact to the n + region is formed over the entire bottom surface of the structure [4, 5] . A photo− graph of the studied structures is shown in Fig. 1 . Photoelec− tric voltage is measured at aluminium contacts to p + and n + regions. Figure 2 shows the geometry of the studied structure where w p -is the thickness of the p region, w n -is the thick− ness of the n region, Lp and Ln are the diffusion length of excess minority carriers in n and p regions respectively.
Measurement methodology
Measurements of voltage generated in the structure by radi− ation of two wavelengths were used to determine excess carrier diffusion length.
The generation rate of electron−hole pairs caused by an incident monochromatic radiation of l wavelength perpen− dicular to the p−n junction plane of the photodiode as a func− tion of the distance from the junction plane (x = 0) (neglect− ing the space−charge region) is expressed by the following equation [3] [4] [5] 
where a (l) is the absorption coefficient of the base region, a p (l) is the absorption coefficient of the emiter region, h(l) is the quantum efficiency, R(l) is the reflection coefficient, Q l is the incident photon flux, w p is the p−n junction depth, x n is the x coordinate of the depth in the base region. It was assumed that the potential barrier region is small compared to the size of p and n regions and carrier diffusion length in these regions, and that electric field is present only in the potential barrier region. In order to simplify the analy− sis, it was assumed that all photoelectric voltage is the result of carrier generation in the base region.
The a(l) relation given in Refs. 7,9, and 10 was assu− med for calculations. The R(l) relation for the air -SiO 2 -silicon configuration of the studied structures varies quite strongly within the studied range of 0.5 to 0.9 μm which is caused by both interference effects of an SiO 2 layer passi− vating silicon, and the absorption of the diffusion layer. As a continuous halogen lamp radiation with non−homo− geneous spectral intensity is used for measurements and interference filters with different transmission characteris− tics are used to produce a monochromatic spectrum, the intensities of beams incident on the photodetector (W/cm 2 ) for the wavelengths used were measured in order to deter− mine the Q value, and essentially the ratio of Q 0.5 to Q 0.9 . The Q 0.5 to Q 0,9 value equalling 0.75 for radiation intensities of the order of 0.1 μW/cm 2 was obtained. By converting this ratio into the ratio of incident photons, one obtains Q 0.5 × l 1 /Q 0.9 × l 2 = 0.75 × 0.5/0.9 = 0.417. As mentioned above, reflection R from the detector surface depends on the physi− cal parameters of the silicon dioxide layer. Reflection mea− surements presented in Fig. 2 (a) will be used to determine the ratio of (1-R 0,5 ) to (1-R 0,9 ). For SiO 2 with a thickness of 80 nm, one obtains (1-0.1)/(1-0.19) = 1.11, and for silicon dioxide with a thickness of 100 nm, one obtains 1.03. The calculations show that for silicon dioxide layers with a thic− kness of around 110 nm for the selected radiation wave− lengths of 0.5 and 0.9 μm, changes caused by disregarding reflection corrections yield an error of the order of 10%. The error significantly increases for SiO 2 layers thicker than 110 nm, and may reach 30%. Constant quantum efficiency h(l) = 1 was adopted in the calculations.
Approximate relations obtained in papers on the SPV effect [7, 11] will be used to determine the value of electric current densities in the structures with illumination perpen− dicular to the surface of the junction. The relation of the dis− tribution of hole concentration in the n region and electron concentration in the p region is obtained on the basis of a well−known continuity equation in steady state relating gen− eration g(x), recombination (Dn/t) and diffusion processes in a given region, given here for holes in the n region [6] [7] [8] D p
where D h is the hole diffusion coefficient, g(x) is the carrier generation rate, t h is the bulk hole lifetime. 
where s 1 , s 2 are surface recombination velocity at the front and back side, D -diffusion coefficient of carriers. An analytical solution of the continuity equation and a formula for current density components obtained from carrier concentration distribution will be used for further calculations.
It must be noted that surface recombination velocity of the top surface coated with thermal silicon dioxide is low (<<20 cm/s) [9] and it is homogeneous, and can be disre− garded (see appendix). Back (n-n+) contact effect is not dis− regarded. According to Refs. 4 and 10 electric current den− sity of the p−n junction is approximately proportional to the
where L n and L p are the effective minority carrier diffusion length in the n and p regions, a is the silicon absorption co− efficient for a given wavelength, F l -density of the flux of quanta incident on the structure per second, q -electron charge, R l -reflection coefficient for a given wavelength. Since hole diffusion length in the n+ region is usually small, L p is disregarded, and one obtains an approximate,
by applying this relation to two wavelengths and calculating the ratio of these current densities, one obtains the following equation 
where the current density ratio A J J = l l 1 2 and the ratio of radiation fluxes penetrating into the structure of As it can be seen from Fig. 5 , the region of fairly good resolution of L ef is located between diffusion length 10 μm to around 200 μm, i.e., within the range of anticipated val− ues for the studied epitaxial layers.
Experiment
The results will be used to determine a diffusion length value and fluctuations in radiation detectors. In the mea− surements performed, B values ranged from 0.3 to 0.5. Fi− gure 6 shows examples of measurements' results and con− versions using Eq. (7) to determine L ef . The images obtained showed that the effective carrier diffusion length in the studied 55 μm−thick epitaxial layers after a full technological process is strongly dispersed. The following average values of L ef were observed: high values around 47 μm, relatively homogeneous over the structure, low values of 20-22 μm, homogeneous over the entire structure, and low values of 12-21 μm, highly variable at small distances. These parameters were reflected in dark currents which amounted to 4 nA for the best structures and 40 nA for the worst structures. The approximate relation between effective diffusion length and the ratio of base thickness to diffusion length (which takes into account the impact of high recombination velocity at the edge of the n layer with a low−resistivity substrate) in the form of L ef = L*tanh(w/L) can be used to evaluate the bulk value of carrier diffusion length L in the base region (Fig. 7) .
Study of the spatial distribution of minority carrier diffusion length in epiplanar detector
If the effective diffusion length L ef equals 40 μm from the above graph one obtains carrier the diffusion length L of around 57 μm. For diffusion lengths smaller than 20 μm, it can be assumed that L = L ef . Figure 7 clearly shows that for the value of L ef exceeding 35 μm, the bulk electron diffusion length L rapidly increases: for L ef = 47 μm one obtains the value of L »110 μm.
Conclusions
The presented results of L ef distribution measurements relate both to bulk parameters and surface parameters. It is known that the effective carrier lifetime t ef is defined by equation of 1/t ef = 1/t B + 1/t s where t B and t s are the bulk and surface lifetime, respectively. For low surface recombination veloc− ities, t s can be replaced by the equation t s = d/2s ef where d is the wafer thickness and s ef is the effective surface recombi− nation velocity resulting from the top and bottom surface. As for determination of L B from Fig. 7 or measurements, an− other technique makes it possible to determine surface time from the following equation
where D is the diffusion coefficient and is assumed to be of 30 cm 2 /s. For measurements of our epitaxial layers, the big values are L B = 95 μm and L ef = 47 μm, which gives t s = 1.0 μs and s ef = 2500 cm/s. Such small surface time indicates a high recombination velocity on interface n−n + . Consequently, the small and average values L ef of the presented images stron− gly reflect the bulk of layers' non−homogeneities.
The presented measurement methodology makes it pos− sible to the determine excess carrier diffusion length in detector structures to obtain spatial distribution of this para− meter over the structure, and reveals subtle non−homoge− neities that significantly affect reverse currents of the struc− ture. The observed non−homogeneities of carrier diffusion length are probably due to a variable concentration of point defects -gaps arising during epitaxial layer growth.
In order to find an energy level trap, answering for change of lifetime in the studied material, measurements of LDLTS technique were applied.
Due to a large serial resistance and a very small concen− tration of defects, the measurement was taken at just a sli− ghtly higher level than the hum. Such measurements are effective for creating an Arrhenius' plot, however, because of a large dispersion of points result in an error in determin− ing the energy level. Figure 8 shows the results of differential DLTS signal measurements executed in the range of temperatures from 84 to 315 K for the measuring frequency from 5 to 500 Hz. Figure 10 shows the Arrhenius' plot defining the energy trap about 160 meV. The concentration of the trap was esti− mated to be 1.68e10 cm -3 . The doping concentration layers was 2.65e12 cm -3 .
Low concentration of trap results in a small capacity change which in turn makes the measurement sensitive to noise [ Fig. 8(b)] . The designated energy level correlates well with the energy values for the vacancies−oxygen com− plex presented in literature [14] [15] [16] . 
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